In fMRI studies of language processing, it would be extremely useful to obtain high-quality images during tasks requiring spoken output. Recent studies have suggested that this may be possible, particularly if event-related fMRI methods are used. This study assesses the feasibility of acquiring interpretable images during speech by applying event-related methods to visual word stem completion, a task that has been studied extensively. On each trial, a different threeletter word stem (e.g., COU) was presented visually and subjects were required to generate a word beginning with that stem (e.g., COUSIN). In covert runs, subjects were instructed to say the word once to themselves, without moving their lips. In overt runs, subjects were instructed to say the word once aloud. Ten subjects were scanned during six overt runs and six covert runs at three presentation rates. Data were analyzed using an implementation of the general linear model making no assumptions about response shape. Images were relatively free of artifacts, and regions demonstrating task-related activation were similar to those reported in previous imaging studies. Regions active during overt task performance were similar to those active during covert task performance, with the addition of several regions commonly associated with motor aspects of speech production. Consistent with other studies, magnitude of activation was greater in the overt condition than in the covert condition, and there was a modest decrease in magnitude at the fastest presentation rate. Together, these results help to validate the use of event-related fMRI during tasks that require spoken output.
INTRODUCTION
In the study of language, tasks traditionally used in neurology and cognitive psychology often rely upon spoken responses. These tasks include reading aloud, picture naming, verbal fluency (generate as many words as possible beginning with a given letter or in a particular semantic category), verb generation (produce a verb associated with a given noun), and wordstem completion (produce a word beginning with a given letter string). In recent years, functional magnetic resonance imaging (fMRI) has become a valuable tool for examining brain activity underlying cognitive functions including language processes. On first principles, imaging studies would benefit from the use of tasks comparable to those used in earlier behavioral and neuropsychological studies. This is true both because of preexisting theoretical and empirical knowledge about the processes underlying these tasks and because of informative comparisons between behavioral responses obtained in imaging studies and those obtained in strictly behavioral studies.
Speech production, however, has presented a problem for fMRI because movement of the jaw and mouth can produce motion artifacts and magnetic susceptibility artifacts (e.g., Barch et al., 1999; Birn et al., 1999) . These artifacts can both obscure the true neural signal changes and produce misleading activations. As a result, there have been few fMRI studies involving the spoken-output tasks typically used in behavioral studies of language processing. It is, of course, possible to have subjects perform those same tasks silently, but this is less desirable for a number of reasons.
First, without spoken responses, it is difficult for the experimenter to know whether subjects are performing tasks according to instructions, and indeed, whether they are doing the tasks at all (e.g., Barch et al., 1999) . Furthermore, useful behavioral data such as reaction time and accuracy cannot be obtained directly. Behavioral procedures to build confidence that subjects are performing tasks under covert conditions have been implemented (e.g., Buckner et al., 2000) , but these procedures cannot be generalized to all situations. In addition, brain activity underlying silent performance of a language task may differ from activity that occurs when the task is performed aloud, including regions not directly involved in the motor aspects of speaking (e.g., Barch et al., 1999) .
Clearly, obtaining high-quality functional images while subjects speak in the scanner will be very desirable in using fMRI to advance knowledge about language processing. However, the risk of movement artifacts and magnetic susceptibility artifacts associated with speech has been prohibitive. As a result, there have been few fMRI studies in which tasks involving spoken verbal responses have been attempted and fewer still in which the effects of speaking in the scanner have been examined systematically. Two notable exceptions are studies by Barch et al. (1999) and Birn et al. (1999) . Barch et al. (1999) used blocked-design fMRI to obtain images while subjects performed overt and covert versions of the same tasks. This allowed a direct comparison of patterns of activation, susceptibility artifacts, and signal-to-noise ratios when the tasks were done silently and aloud. Among other findings, they reported that it is possible to obtain interpretable images when data from multiple subjects are averaged together and comparisons are made between conditions that use overt verbal responses. It should be noted that this study did not use whole-brain imaging; rather, regions near the plane of the throat and mouth were avoided. Nonetheless, their results provide some evidence that overt responses may be feasible, even in a blocked design.
In the study by Birn et al. (1999) , a blocked design and an event-related (single-trial) paradigm were used to obtain images while subjects made various brief movements, including saying single words out loud. For each type of movement task, images were acquired through motor cortex (the eight slices were shifted slightly in the spoken response task to include areas typically involved in language production). Images from both paradigms contained some movement-related artifact, but it was possible to effectively minimize this artifact in the event-related paradigm by taking advantage of the different temporal characteristics of the hemodynamic response and the motionrelated signal change (Birn et al., 1999) . Thus, interpretable, relatively artifact-free images of tasks involving overt verbal responses were obtained using event-related fMRI.
The present study expanded on the findings of Birn et al. (1999) by applying event-related methods to a comparison of overt and covert visual word stem completion, a task that has been well-studied with functional imaging (e.g., Squire et al., 1992; Buckner et al., 1995; Desmond et al., 1998; Ojemann et al., 1998) . Replication of patterns of activation typically observed in covert word stem completion in fMRI and overt word stem completion in positron emission tomography (PET) would help to validate the use of spoken verbal responses in fMRI. In addition, the feasibility of obtaining artifact-free images in a task involving overt speech was assessed in this study through an analysis of head movement and noise across the time course of the hemodynamic response.
This study allowed within-subject comparisons based on response mode (overt or covert) using wholebrain fMRI, which speaks directly to whether the processing involved in the performance of word stem completion is the same (aside from motor-related activity) when the task is performed aloud as when it is performed silently. The issue of presentation rate in event-related fMRI was also addressed. This was accomplished by having subjects perform visual word stem completion silently or aloud at three different presentation rates. Some of these data were presented briefly in Rosen et al. (2000) .
METHODS

Subjects
Ten normal volunteers (5 male, 5 female) with a mean age of 27.3 years (range, 18 -34) served as subjects. All were right-handed native English speakers. Informed consent was given by all subjects, and they were paid $25 an hour for their participation. Individuals with metal implants, heart arrhythmias, claustrophobia, or history of head trauma were excluded. The study was approved by the Washington University Human Studies Committee.
Task
Subjects performed a visual word stem completion task. On each trial, a different three-letter word stem (e.g., COU) was presented and subjects were required to generate a word beginning with that stem (e.g., COUSIN). In Covert runs, subjects were instructed to say the word once to themselves, without moving their lips. In Overt runs, subjects were instructed to say the word once aloud. In between trials, subjects were instructed to maintain fixation on a visual crosshair. Subjects were asked to minimize head movement, even while speaking.
Stimuli
Stimuli were drawn from a set of 375 three-letter word stems used in an earlier study (Ojemann et al., 1998) . At least five different words (excluding proper nouns) with a frequency greater than one per million (Kucera & Francis, 1967) could be formed from each of the word stems.
Stimuli were presented using a Power Macintosh 7100 computer (Apple Computer, Inc., Cupertino, CA) with Psyscope software (Cohen et al., 1993) . They were projected via an AmPro (AmPro Corporation, Melbourne, FL) LCD-150 projector (800 ϫ 600 pixel resolution) onto a screen positioned behind the subject's head. Subjects viewed stimuli on the screen through a mirror positioned above the head coil. A fixation crosshair was presented in the center of the screen at the beginning of each run and remained on the screen for the duration of the run. The fixation crosshair was black 24-point bold Geneva font on a white background, subtending an approximate visual angle of 0.26°. Word stems were displayed in black 32-point bold Geneva font on a white background, approximately 1.32°below the crosshair and centered horizontally on the screen. Letters each subtended an average visual angle of 0.5°. Each word stem remained on the screen for 150 ms.
Experimental Design
Three different presentation rates were used. They will be designated the Slow, Moderate, and Fast conditions. In the Slow condition, stimuli were widely spaced, with a fixed interval of 16.8 s between stimulus onsets (similar to Buckner et al., 1996) . In the Moderate condition, the interval between stimulus onsets was jittered with an average of 9.6 s (typically 13 intervals of 4.8 s, 7 intervals of 9.6 s, 2 intervals of 14.4 s, 3 intervals of 19.2 s, and 2 intervals of 24.0 s). In the Fast condition, the interval between stimulus onsets was jittered with an average of 4.8 s (typically 28 intervals of 2.4 s, 12 intervals of 4.8 s, 6 intervals of 7.2 s, 7 intervals of 9.6 s, and 2 intervals of 12.0 s). Each functional run lasted approximately 5 1 2 min, and there was a 2-min delay between runs. The number of word stems presented in each functional run varied by task condition: Slow condition runs each contained 16 word stems, Moderate condition runs each contained 28 word stems, and Fast condition runs each contained 56 word stems. Within each of the Moderate and Fast runs, intervals between stimuli were generated such that the interval between stimulus n and stimulus n ϩ 1 could not be predicted from the interval between stimulus n Ϫ 1 and stimulus n.
Each subject completed twelve runs (two Overt and two Covert runs at each of the three presentation rates). This resulted in a total of 400 trials, thus 25 of the 375 available word stems were repeated within each subject. The repeating word stems were randomly selected, and the same word stem never occurred twice in the same run. The order in which the functional runs were performed was randomly determined for the first five subjects and then those five orderings were reused with the response mode (Overt or Covert) reversed for the final five subjects. For example, if subject 1 had Overt Fast as the first run, subject 6 had Covert Fast as the first run. Word stems were randomly ordered, but the same order was used for each pair of subjects (e.g., subjects 1 and 6). This ensured that each word stem occurred in an Overt condition as often as it did in a Covert condition.
Imaging Procedures
To help stabilize head position, each subject was fitted with a thermoplastic mask affixed to holders on the head coil. This mask extended from the top of the forehead to the tip of the nose and was molded so that it hardened to the contours of the subject's face. Images were obtained with a Siemens MAGNETOM Vision 1.5 Tesla scanner (Erlangen, Germany). Following automatic shimming, a T1-weighted sagittal MPRAGE structural image (TE ϭ 4 ms, TR ϭ 9 ms, IT ϭ 300 ms, flip angle ϭ 12°, 80 slices with 1 ϫ 2 ϫ 2 mm voxels) (Mugler & Brookeman, 1990 ) was obtained. The anterior commissure-posterior commissure (AC-PC) plane was identified from the MPRAGE structural image, and functional images were obtained parallel to this plane.
Functional imaging was performed using a blood oxygenation level-dependent (BOLD) contrast sensitive asymmetric spin-echo echoplanar sequence (TR ϭ 2364 ms, T2* evolution time ϭ 50 ms, ␣ ϭ 90°, in-plane resolution 3.75 ϫ 3.75 mm). Each run consisted of 124 -128 MR frames (whole brain EPI acquisitions of 16 contiguous, 8-mm-thick axial slices; Conturo et al., 1996) . The difference in number of frames affected stimulus presentation only in the number of blank frames presented after the final word stem in a run. Steady-state was considered to be reached after three frames, so functional imaging began with frame 4. The first frame of each run was used for alignment of structural and functional image acquisitions.
Analysis
Preprocessing of raw data. Initial data processing to remove noise and artifacts was carried out using a series of automated steps (see also Ojemann et al., 1998) . The first step was removal of a single pixel spike caused by signal offset. The value of the pixel with the largest timeseries variance was replaced with the local pixel average. Second was a slice-by-slice normalization to correct for changes in signal intensity introduced by the acquisition of interleaved slices. This was accomplished by applying, as a correction factor, the value that minimized differences in slice intensities when added to the even-numbered slices and subtracted from the odd-numbered slices. Next, rigid-body translation and rotation (see also Snyder, 1996) was applied to each frame in order to realign images within and across runs. A three-dimensional cubic spline interpolation (Friston et al., 1994) was used to minimize artifacts. Finally, to allow across-subject comparisons, the mode voxel value was normalized to 1000.
In order to identify any runs that were likely to contain excessive motion, an analysis of head position was conducted. Following the rigid body translation and rotation, data on the adjustments required for realignment of each image at each MR frame were available. This reflects an indirect measure of head movement. Translations and rotations in the x, y, and z planes were plotted for each MR frame of each run in each subject and examined for significant displacements. Visual inspection revealed very few displacements greater than 0.5 mm in any direction, even in the Overt conditions. The time course of the changes in head position that were present were examined in a subsequent analysis. Generation of activation images. To detect task-related activations, the functional data were analyzed using an implementation of the general linear model (GLM) in which no assumptions about the shape of the hemodynamic response were made (Friston et al., 1994; Worsley & Friston, 1995; Josephs et al., 1997; Zarahn et al., 1997; Miezin et al., 2000) . The design of the GLM included the seven MR frames following presentation of the stimulus; thus, the hemodynamic response function was modeled over a period of 16.5 s (7 frames, each lasting 2.36 s). This time series was then cross-correlated with a three-parameter (peak percent signal change, time to response onset, time to response peak) gamma function (Boynton et al., 1996) . Z statistical maps based on this cross-correlation at each voxel were generated for each run, for each subject, in a fixed-effects model. These images were transformed into the stereotactic space of Talairach and Tournoux (1988) .
Selection and definition of regions of interest. In order to create a grand average image from which regions of interest could be identified in an unbiased manner, the statistical images (10 subjects, 12 runs each, in atlas space) were averaged, reflecting equal contributions from each voxel. A peak-finding algorithm was then used to obtain coordinates of active voxels in this all-conditions image . Peak activations with Z scores greater than 7.0 were selected for subsequent analysis. This value was selected as a cutoff because it appeared to capture peaks from regions that were consistently active across the images of each condition (Overt, Covert, Slow, Moderate, or Fast). Z scores for these regions in the single condition images were 4.5 or greater, thus they would pass a Bonferroni correction with a significance level of P Ͻ 0.05.
The all-conditions image was then used for defining regions of interest. Regions were defined by manually selecting active pixels surrounding each peak. Judgements about the extent of each region were made by visual inspection of the image, in an effort to maintain the anatomical contours of the activated region. Thus, the regions differed somewhat from each other in shape and size.
Regions-based analysis. Time series from the regions selected and defined above were subjected to a 3-Factor (Mode: Overt or Covert, Presentation Rate: Fast, Moderate, or Slow, MR Frame: 1-7) random effects analysis of variance (ANOVA) (see also Shulman et al., 1999; Corbetta et al., 2000) . Significant interactions (P Ͻ 0.05, uncorrected) between time and Mode or time and Presentation Rate were noted. A significant interaction between time and Mode in a given region indicates that the time course of the response in that region had a different shape in the Overt conditions than in the Covert conditions. Similarly, a significant interaction between time and Rate indicates different time course shapes among the three rates. The nature of the shape differences was evident in the time courses for each region, which were plotted so that the effects of Mode and Presentation Rate over time could be visualized. For regions in which a significant interaction between time and Presentation Rate was found, contrasts were made to quantify differences among the three rates.
Analysis of speech-related movement and noise. Given that the typical reaction time in a visual word stem completion task is less than one second, the verbal response should be complete before the onset of the hemodynamic response. Therefore, one might expect head movement and noise related to overt speech to be greatest in the first MR frame (0 -2.5 s following the stimulus), if they are present at all. To quantify head movement and noise at each of the seven MR frames following the stimulus, and to compare values across Overt and Covert conditions, three analyses were carried out. For each of these analyses, only data from the Slow conditions were included so as to avoid contamination from overlapping hemodynamic response functions.
In the first analysis, head position data for translation and rotation in the x, y, and z planes were considered. Data from three subjects (those exhibiting the most head movement) were used for this analysis. For each run in each subject, an average head position was computed for each of the six dimensions. This average was then subtracted from the actual head position at each of the seven MR frames, resulting in a residual value. The absolute values of the residuals in each of the six dimensions were then averaged together across runs and subjects for each of the seven MR frames. This was done separately for Overt and Covert conditions. These values were then subjected to a 2-Factor (Mode: Overt or Covert, MR Frame: 1-7) ANOVA.
The second analysis was based on the fact that in brain regions that are not active during a task, the hemodynamic response function should be close to zero percent signal change. Thus, deviation from zero ob-served at any time point of the hemodynamic response function would likely be a result of noise. In this analysis, deviation from zero at each of the seven MR frames following the stimulus was used to assess noise in the Overt compared to the Covert condition. Two brain regions were selected for analysis. One was relatively high in the brain (approximate atlas coordinates 29, 21, 26), where susceptibility effects from mouth movement should be minimal, and the other was relatively low in the brain (approximate atlas coordinates 25, 43, 0), where mouth movement would be likely to have the greatest effect. Both were nonactive regions of anterior right frontal cortex, as determined by examination of time courses. The regions were at a border between gray matter and white matter to maximize effects of movement.
For each of the 10 subjects, time courses were extracted from each of the two regions, separately for the Overt and Covert conditions. Again, only the Slow conditions were considered. For each time course, the absolute deviation from zero at each of the seven MR frames following the stimulus was computed. These absolute deviations were then averaged across subjects and subjected to a 3-Factor (Region: High or Low, Mode: Overt or Covert, MR Frame: 1-7) ANOVA.
The third analysis was similar to the time course analysis, but took advantage of information provided by examining how the general linear model fit the data. For each of the 10 subjects, estimates of model fit were extracted from each of the regions used in the time course analysis. Residual values (difference between model and data) were computed separately for the Overt and Covert conditions for each of the seven MR frames following the stimulus. Again, absolute values of the residuals were averaged across subjects and a 3-factor (Region: High or Low, Mode: Overt or Covert, MR Frame: 1-7) ANOVA was performed.
RESULTS
Statistical Images
Z statistical images were created for Overt and Covert stem completion separately (averaged across presentation rates), both for individual subjects and averaged across subjects. Interpretable images, relatively free of movement artifact, were obtained in the acrosssubjects analysis (60 runs per condition) as well as in the individual subjects analysis (6 runs per condition). The Overt and Covert images averaged across all ten subjects and for a representative individual subject are displayed in Fig. 1 . Overall, the Overt and Covert images both contained regions of activation previously observed in PET and fMRI studies of visual word stem completion (e.g., Ojemann et al., 1998) . These included bilateral 6/44, bilateral inferior frontal gyrus, anterior cingulate, bilateral inferior parietal lobe, left fusiform gyrus, and right lateral cerebellum. Additionally, regions typically related to motor processes, including bilateral primary motor cortex and medial cerebellum, were visible in the Overt images (e.g., Buckner et al., 1995) .
Task-Related Activations
The peak finding algorithm used to detect task-related activations in the all-conditions image revealed a number of peak activations. Regions of interest were defined by manually selecting active pixels surrounding these peaks. These regions are listed along with the FIG. 1. Z statistical images of covert and overt word stem completion averaged across 10 subjects (left) and in a representative individual subject (right). Slices are taken at Z ϭ 24. Area 6/44, previously associated with word stem completion, is visible in both the overt and covert conditions. Primary motor cortex is visible in the overt condition only. A, left 6/44; B, left primary motor cortex; C, right 6/44; D, right primary motor cortex.
atlas coordinates of their peaks in Table 1 . The regions are separated into those often observed in covert visual word stem completion and those commonly associated with motor processes (cf. Ojemann et al., 1998; Petersen et al., 1989) .
Regions-Based Analysis of Condition Effects
Responses of all regions defined from peak activations in the all-conditions image were subjected to a 3-Factor (Mode: Overt or Covert, Presentation Rate: Slow, Moderate, or Fast, and Time: MR frame 1-7) ANOVA. Interactions between Mode and Time and between Rate and Time are discussed. Significant interactions indicate regions in which the shape of the time course differed among levels of a condition (Mode or Presentation Rate).
Interactions between time and mode. For all regions in which the Mode x Time interaction was significant (P Ͻ 0.05, uncorrected), the magnitude of activation was greater in the Overt condition than in the Covert condition. These regions were bilateral 6/44, anterior cingulate (2 regions), SMA (2 regions), bilateral primary motor cortex, bilateral cerebellum, and bilateral thalamus. The P value for the Mode ϫ Time interaction for each region is given in Table 1 . Two patterns of activation were noted. For the typically motor-related regions, the time course was nearly flat for the Covert condition but large and peaked for the Overt conditions. In other regions, the response was peaked for both conditions but of greater magnitude in the Overt condition. Representative time courses of both types are shown in Fig. 2 .
In addition to the regions of increased activation, several regions of decreased blood flow were observed. These regions correspond to "classic" regions of decreased activation observed in many other neuroimaging studies (e.g., Shulman et al., 1997) . These regions, along with the atlas coordinates of their peaks and Time ϫ Mode P-values are listed in Table 2 . 
FIG. 2.
Representative time courses of overt and covert word stem completion for a motor-related region (left primary motor cortex) and a nonmotor region (left 6/44). Data were averaged across the three presentation rates. x-axis is time at end of each MR frame.
Interactions between time and presentation rate. Time courses were extracted from the regions of interest derived from the all-conditions image and plotted so that the effect of Presentation Rate (Fast, Moderate, or Slow) over time could be visualized. A set of representative time courses (from left fusiform gyrus) is presented in Fig. 3 . Although the response is evident at each of the presentation rates, a slight decrease in magnitude can be observed as the presentation rate increases from the Slow to the Fast condition.
Means comparisons were carried out on cortical regions of positive activation that showed a significant Time ϫ Presentation Rate interaction (P Ͻ 0.05). These regions were anterior cingulate (two regions), right primary motor cortex, left 6/44, and right inferior frontal gyrus. The atlas coordinates for the peaks of these regions are presented in Table 3 , along with their P values for the Time ϫ Presentation Rate interaction, mean and standard deviation of the time course magnitude (collapsed over MR frames 1-7), and a summary of the results of the means comparisons.
The mean time course magnitudes suggest that the significant differences among the three rates were driven by the overall magnitude of the time courses rather than dramatically different shapes or other factors. In the two anterior cingulate regions, left 6/44, and right inferior frontal gyrus, responses at both the Fast and the Moderate rates were significantly smaller in magnitude than responses at the Slow rate, but were not different from each other. In right primary motor cortex, only responses at the Fast rate were significantly smaller than those at the Slow rate. This significant, but modest, reduction in response magnitude at fast presentation rates is consistent with findings of other event-related fMRI studies (e.g., Friston et al., 1998; Vazquez & Noll, 1998; Huettel & McCarthy, 2000; Miezin et al., 2000) . For example, Miezin et al. (2000) examined the hemodynamic response in primary visual and primary motor cortex for visual stimuli (with a button-press response) spaced at a range of intervals including a widely spaced condition (20 s) and a very rapid condition (minimum interval ϭ 2.5 s; mean ϭ 5.0 s). These conditions were comparable to the Slow and Fast conditions in the present study. Miezin et al. (2000) observed reductions in the amplitude of the hemodynamic response peak on the order of 20% for the fastest rate compared to the widely spaced condition. Nevertheless, they demonstrated that the hemodynamic response maintained similar properties and shape at all presentation rates. Thus, the reduction in magnitude of the response at the fastest rate is not likely to be a consequence of limitations in deconvolving the hemodynamic responses to rapidly presented stimuli. Rather, Miezin et al. (2000) suggest that the cause of the reduction in magnitude might be saturation of the hemodynamic response or a change in the underlying neural response.
Movement and Noise Analyses
The spoken verbal response in the word stem completion task typically occurs approximately one second following presentation of the stimulus. Thus, head movement and noise related to overt speech, if present, are likely to be greatest in the first MR frame (0 -2.5 s following the stimulus). Analyses of head position and noise were carried out to allow comparisons among the seven MR frames and between the Overt and Covert conditions. Only data from the Slow conditions were   FIG. 3 . Time courses for the three presentation rates extracted from left fusiform gyrus. Data were averaged across overt and covert conditions. x-axis is time at end of each MR frame. included so as to avoid contamination from overlapping hemodynamic response functions.
Head movement. An analysis of head position revealed very little movement in general, in any of the six dimensions (translation or rotation in x, y, and z planes). Absolute values of the residuals (actual head position Ϫ average head position) were compared across modes and across MR frames. As illustrated in Fig. 4 , there was no disproportionate movement in the first MR frame of the Overt condition relative to other MR frames in the Overt and Covert conditions (all P Ͼ 0.85).
Noise. In the analysis of time course deviation from zero, there were significant main effects of Region (High or Low, P Ͻ 0.0001) and Mode (Overt or Covert, P Ͻ 0.0001), and a significant interaction between Region and Mode (P Ͻ 0.0001). Mean deviation from zero was greater in the Overt condition in the low brain region than mean deviation from zero in any of the three other mode/region conditions. This was true for all seven MR frames, which did not differ from each other.
In the analysis of model fit residuals, there were significant main effects of Region (P Ͻ 0.0001) and Mode (P Ͻ 0.0001), and an interaction between Region and Mode (P Ͻ 0.02). Similar to results of the time course analysis, mean residual values for the Overt condition in the low brain region were greater than residual values for any of the three other mode/region conditions. This was true for all seven MR frames, which did not differ from each other. In both noise analyses, standard deviation from the mean was greatest in the Overt condition for the low brain region.
DISCUSSION
The present study was designed to assess the feasibility of using fMRI to study tasks requiring overt verbal responses. Patterns of activation observed in both the Overt and Covert conditions in this study closely resemble those reported in previous studies of visual word stem completion (e.g., Ojemann et al., 1998) . This helps to validate the use of overt speech production during event-related fMRI. Results of movement and noise analyses suggest that event-related methods are useful in minimizing artifacts related to overt speech.
The risk of motion artifacts and magnetic susceptibility artifacts in images obtained when subjects speak during blocked-design fMRI has prevented widespread use of fMRI for tasks requiring overt speech. In those studies that have been attempted, the findings have generally not been encouraging (but see McCarthy et al., 1993; Barch et al., 1999) . For example, Yetkin et al. (1995) compared images obtained from overt and covert performance of a verbal fluency task during blocked-design fMRI. Although similar regions of activation were observed in both conditions, Yetkin et al. (1995) reported significantly more artifacts in the overt condition relative to the covert condition. Phelps et al. (1997) also obtained images in a blocked design during an overt verbal fluency task, in an effort to localize regions of activation within prefrontal cortex. Although their results were similar to those of a PET study by Frith et al. (1991) , usable images were obtained only from the superior prefrontal cortex and data from 5 of 11 subjects were discarded due to excessive movement. Small et al. (1996) succeeded in using blocked-design fMRI in two subjects to replicate left posterior superior temporal gyrus activation observed in PET studies during word reading. However, this required the use of a bite plate, which precluded use of some of the articulatory muscles. This procedure could not be used for studies in which reaction time or accuracy measures depend upon clear articulation of the response. In addition, Small et al. (1996) used fMRI data collection methods and statistical analysis procedures specifically designed to detect activation in a region determined a priori. Barch et al. (1999) obtained interpretable images during overt speech using a blocked design, but avoided scanning in the plane of the mouth and throat. Thus, the use of blocked design fMRI for tasks requiring overt verbal responses, if possible, is limited.
This state of affairs may now change as event-related fMRI methods continue to develop (e.g., Buckner et al., 1996; Konishi et al., 1996; Dale & Buckner, 1997; Josephs et al., 1997; Zarahn et al., 1997; Clark et al., 1998) . As mentioned previously, Birn et al. (1999) were able to effectively remove movement-related artifacts from images obtained using event-related fMRI as opposed to those obtained using blocked-design fMRI. In the blocked-design paradigms used in previous fMRI studies, activation is measured across "on" periods consisting of repeated trials of a task. If there is motion associated with performance of a task (e.g., a spoken response), this motion can be difficult to distinguish from the hemodynamic response (Birn et al., 1999) . However, event-related fMRI allows one to obtain an average hemodynamic response to a given stimulus type.
The typical time-course of the hemodynamic response has a delayed onset of about 2-5 s following presentation of the stimulus, reaches a peak at about 5-6 s, and lasts for approximately 10 -12 s before returning to baseline (e.g., Boynton et al., 1996; Blamire FIG. 4 . Average changes in head position in 6 dimensions (translations and rotations in x, y, and z planes) across three subjects for overt slow and covert slow conditions across each of seven MR frames following the stimulus. The y-axis represents the absolute residuals (actual head position across run Ϫ avg. head position across run) in millimeters. x-axis is time at end of each MR frame. There were no significant differences in movement between modes or across MR frames.
et al., 1992). Birn et al. (1999) pointed out that the hemodynamic response differs markedly in shape and time-course from movement-related signal changes, which tend to occur during the actual performance of the task (e.g., speaking) and have a sharper, more abrupt peak. Thus, as demonstrated in their study, it is possible to take advantage of these different response properties to obtain interpretable images relatively free of artifacts when subjects speak during eventrelated fMRI (Birn et al., 1999) .
In the present study, little movement-related artifact was observed in statistical images obtained from the Overt condition. Quantification of head position revealed that subjects moved minimally, even when speaking. As expected, the overt task-associated noise that did occur was primarily in the low brain region during the Overt condition. This noise was no greater in the first MR frame following the stimulus than in subsequent MR frames, suggesting that it was not a result of the actual motor movements associated with saying a word. Instead, it may have been a consequence of changes in the vocal apparatus that have a slower time course, such as muscle relaxation. The noise present in the Overt condition for the low brain region was not substantial enough to warrant any special analysis procedures; the images were artifact-free and readily interpretable. This was true even at relatively rapid presentation rates. Thus, the use of eventrelated fMRI appeared to help minimize speech-related artifacts.
The ability to obtain fMRI data for tasks involving speaking allows for direct comparisons of brain activity in overt and covert conditions of the same task. The outcome of such comparisons has implications for the interpretation of existing fMRI data on language production, most of which has been obtained during covert task performance. Given the results of the few prior studies that have addressed this issue (either directly or indirectly), it is difficult to predict what these comparisons will reveal. Yetkin et al. (1995) , in their comparison of overt and covert verbal fluency in blockeddesign fMRI, observed common regions of activation across the two modes. Their images for the overt condition contained significant artifact, however. Bookheimer et al. (1995) used PET to compare word reading and picture naming done silently and aloud. They found similar regions of activation for picture naming across the two modes, but found differences in patterns of activation for word reading across the two modes. This suggests that common regions of activation for overt and covert performance of a task may be task dependent.
As mentioned previously, Ojemann et al. (1998) observed similar regions of activation between overt word stem completion in PET and covert word stem completion in blocked-design fMRI. This finding was supported by the results of the present event-related fMRI study, in which a direct within-subject comparison of overt and covert word stem completion was made. The set of regions activated during covert word stem completion (bilateral 6/44, bilateral inferior frontal gyrus, anterior cingulate, bilateral inferior parietal lobe, left fusiform gyrus, right lateral cerebellum) was a subset of the regions activated during overt word stem completion. The additional regions activated during overt word stem completion included regions generally associated with motor activity (bilateral primary motor cortex and medial cerebellum). Barch et al. (2000) compared overt and covert performance of a variant of the Stroop color naming task (Stroop, 1935) during blocked-design fMRI. In their group analysis, they initially observed activation of regions typically reported for the Stroop task in their images of overt task performance, but not in their images of covert task performance. By lowering the threshold for the covert condition, however, they obtained similar regions of activation across the two modes. Thus, the difference in patterns of activation was a result of reduced magnitude or consistency of activations in the covert condition relative to the overt condition. This finding is consistent with the results of the present study, in which task-related activations were always greater in magnitude for the overt condition than for the covert condition. Whatever the reason for this difference in magnitude, it provides additional motivation to use overt versions of speech-production tasks; covert tasks may result in reduced response magnitudes, making regions of activation difficult to detect.
CONCLUSIONS
The present study demonstrates that event-related fMRI can be used to obtain relatively artifact-free, readily interpretable images of the entire brain when subjects speak briefly during scanning, even at fairly rapid rates of trial presentation. Reduced artifact is one of the advantages of event-related fMRI over blocked-design fMRI, in which attempts at having subjects speak during scanning have met with limited success. The ability to utilize tasks in which subjects make overt verbal responses will greatly expand the options available for using fMRI to study language, and will allow for the replication of behavioral studies of language traditionally used in psychology and neurology. In addition, it will be possible to compare directly the brain activity underlying overt and covert versions of the same task. This is important for interpretation of fMRI data collected using covert tasks. The results of the present study suggest that the regions involved in overt and covert performance of visual word stem completion are highly similar, but it remains to be determined whether this pattern will hold for other tasks. The acquisition of relatively artifact-free images of the entire brain represents a significant advance in the use of fMRI to study the brain mechanisms underlying cognition.
